The size effect and fracture behavior of plain and fiber-reinforced concrete was investigated. Geometrically similar beam specimens of different sizes with (steel fibers and glass fibers) and without fibers were tested under three-point bending in a closed loop servo-controlled machine with crack mouth opening displacement control with a rate of opening of 0.0005 mm/sec. The fracture properties such as, fracture energy (Gf) and brittleness number were determined. Digital images were captured before loading (unreformed state) and at different instances of loading and were analyzed using correlation techniques to compute the load-point displacement, crack length, crack opening and crack tip location. It was seen that the crack mouth opening displacement (CMOD) and vertical load-point displacement computed using DIC analysis matches well with those measured experimentally. It also concluded that addition of fibers in specimens, increased energy absorption capacity tremendously in all size of specimens. It was observed that addition of fibers in concrete, brittleness number is decreased, hence the concrete becomes ductile. It was observed that the specimens follow the Bazant's size effect law which shows that the structure becomes brittle with increase in size.
INTRODUCTION
Self-compacting concrete (SCC) is a highperformance concrete that can flow under its own weight so as to completely fill the formwork and self-consolidate without any mechanical vibration [1] [2] . This type of concrete is specifically designed to achieve excellent deformability, low risk of blockage, and good stability, ensuring a high formwork filling capacity. SCC is considered a suitable material for the construction of structural members with high volumes of steel reinforcement because of its ability to easily flow in highly congested areas [3] [4] . [5] [6] [7] [8] , biomechanics [9] [10] [11] [12] and geophysics [13] [14] , owing to its well-known advantages in the aspect of full-field surface deformation measurements [15] [16] [17] [18] [19] [20] . Electronic Speckle Photography (ESP) has been an active research area since the last two decades in which different parameters of the technique have been addressed for the improvement of accuracies in the measurement results and for the removal of different defects encountered during the experimentation. In ESP two images called reference (before the application of load) and test (after the application of load) images of an optically rough surface under illumination by a light source (e.g. a laser beam) are recorded. These two speckle images are correlated using DIC for measurement of in-plane displacements or deformations which the test image has under gone with respect to the reference image.
Considering the fact that the traditional DIC algorithm is usually so computationally intense that it is very difficult to meet some specified speed requirements for time critical applications or large-scale data processing tasks. On the other hand, some new numerical strategies such as basis function and sum -table  methods have been developed to mathematically decrease the computational burden of DIC matching and hence increase the speed of integer-pixel correlation calculations to a great extent [11] [12] .
Objectives of the present work
The objectives of this study are.
 Development of plain and fiber reinforced self-compacting concrete.  Monitoring of crack propagation using DIC technique.  Measurement of beam deflection and crack width with the help of DIC technique.
Principles of DIC
Digital image correlation (DIC) is an optical and noncontact measurement technique and is adopted to analyze the displacements on the surface of an object of interest. In digital image correlation, the surface images before and after the deformation are taken by a digital camera from which the displacement at any point of the image is computed. DIC is extensively used to study a very large range of materials, in widely different range of scales. Originally developed in the 1980s [21] [22] .
DIC is based on the following principles: the image of the body is described by a discrete function representing the grey level of each pixel. The grey level is a value between 0 and 255 of its grey levels with the lowest value representing black, highest value white, and values in between representing different shades of gray. The correlation calculations are carried out for a set of pixels, called a pattern. The displacement field is assumed to be homogeneous inside a pattern. The initial image representing the body before distortion is a discrete function f (x, y) and is transformed into another discrete function f * (x * , y * ) after distortion or displacement. The theoretical relation between the two discrete functions can be written as [23] : * ( * , * ) − ( + ( , ), + ( , )) = 0 (1) where, u(x, y) and v(x, y) represent the displacement field for a pattern as shown in Figure 1 .
Image correlation now becomes a job of comparing subsets of numbers between the two digital images. A typical cross correlation coefficient which measures how well subsets match is given by
where f (x, y) is the gray level value at coordinate (x, y) for initial image and f * (x * , y * ) is the gray level value at point (x * , y * ) of the deformed image. The coordinates (x, y) and (x * , y * ) are related by the deformation which has occurred between acquisition of the two images. If the motion of the object relative to the camera is parallel to the image plane, then they are related by; * = + + ∂u ∂x + ∂u ∂y (3) * = + + ∂v ∂x + ∂v ∂y (4) where u and v are the displacements for the subset centers in the x and y directions, respectively. The terms Δx and Δy are the distances from the subset center to point (x, y). By performing image correlation, the values of coordinates (x, y), displacement (u, v) , and the derivatives of the displacements ∂u⁄∂x, ∂u⁄∂y, ∂v⁄∂x, and ∂v⁄∂y can be determined [23, 24] . These are in turn used for further analysis, for example, in the computation of fracture parameters. 
Constitute materials
A list of materials used for this study is given in Table 1 along with their specification. The physical properties of the sand and aggregates are given in Table 2 .
Mix proportions
To achieve, self-capability, numbers of trail was done for different combination of materials. A polycarboxylate-based high range water reducing admixture (HRWRA) was also used in the mixtures; dosage of superplasticiser was kept constant at 0.5% by weight of binder for providing the desired fluidity of the SCC. For all tests, the proportion of cement to fly ash was kept constant. (Cement: Fly ash = 70:30). The final mixes are presented in Table 3 .
Fiber reinforced self-compacting concrete (FRSCC) was achieved by adding steel fiber (Dramix RCBN 35/65 hooked end) and glass fibres (Cem-FIL) in selected mix proportion of concrete. The steel fiber has a diameter of 0.55 mm, a length of 65 mm, and a tensile strength of 1000-1100 N/mm 2 . CEM-FILL anti crack, high dispersion, alkali resistance glass fiber of diameter 17 micrometer and 12 mm length was used. A number of trials was conducted with different dosages of fibers to achieve steel fiber reinforced self-compacting concrete (SFRSCC) and glass fiber reinforced self-compacting concrete (GFRSCC). The content of 32 kg/m 3 steel fibers and 50 gm per bag of cement glass fibers in self-compacting concrete satisfied the workability tests. Fresh and harden properties of plain and fiber reinforced self-compacting concrete are presented in Table 5 and Table 6 , respectively. 
Specimen preparation
The details of the geometry and its nomenclature are shown in Figure 2 and Table  4 , respectively. The concrete mixes are poured into their respective moulds of geometrically similar beams with three different sizes, each having a notch to depth ratio of 0.2 and span to depth ratio of 2.5. In order to create a notch, a fine metal strip of 2 mm thickness was introduce during casting at center for different notch size.
The rationale behind the selection of small, medium and large beams is to study the effect of specimen size on the fracture behavior by testing geometrically similar specimens as per the draft recommendation of the RILEM Technical Committee 89-FMT on fracture mechanics of Concrete RILEM [25] . Using this method, one can obtain a size effect plot, by which the size of the structure can be extrapolated to large structures like dams. The notch site is kept at the center of the beam under three point bending as recommended by RILEM [25] . While handling the specimens, great care is taken to prevent any falling or impact on the specimen. 
Testing of specimens
The specimens are tested in a closed loop servo-controlled testing machine having a capacity of 100 kN. A specially calibrated 50 kN load cell is used for measuring the load. The load-point displacement is measured using a linear variable displacement transformer (LVDT). The crack mouth opening displacement (CMOD) is measured using a clip gage located across the notch. All the tests are performed under CMOD control with the rate of crack opening being 0.0005 mm/s. The results of load, vertical displacement, CMOD and time are simultaneously acquired through a data acquisition system. For digital image correlation, the speckle pattern is to be made on the specimen. The specimens are initially white washed and a speckle pattern is prepared over it using a standard black spray paint. The images of the specimens are captured before loading and during various stages of loading using a digital camera mounted on a stand. A remote control is used for capturing the images to avoid any vibration and also to keep the distance between camera lens and the specimen unchanged. Further, it is known that a DIC measurement using a single camera introduces errors due to out-of-plane movements. The out-of plane movement may result in losing some of the information of the image part under consideration. The beam specimens are tested under three point bending and the supports as well as the loading cylinders are adjusted in such a way that the loading and reactions act in the plane of the specimen. Furthermore, the stiffness of the concrete specimens is relatively large to prevent any significant out-of-plane deformations.
Hence, the out-of-plane movements are neglected in this work. It is assumed that a single image scale can be applied across the entire image to convert from imagespace coordinates to object-space coordinates.
RESULTS AND DISCUSSIONS

Fresh properties
The fresh properties of SCC are as important as its hardened properties. To evaluate workability of fresh self-compacting concrete like filling ability, passing ability and segregation resistance, different tests were carried out as per EFNARC [26] specifications. Filling ability of SCC was measured using a slump flow and a V-funnel test. Passing ability of SCC was measured using J-ring, L-box and U-box tests. Similarly resistance to segregation of self-compacting concrete was measured with the help of GTM Screen stability test. All test results are presented in Table 5 .
It can be seen that addition of fibers reduce the flow and filling ability. Better flow properties were observed for mixes with lower volume fraction of fibers. Additions of steel fibers resist flow of SCC compared to glass fibers. The observed slump flow was 655 mm by addition steel fibers while it was 720 mm in case of addition of glass fibers. Similarly, Vfunnel flow values of 12 sec and 9 sec were observed in case of addition of steel fibers and glass fibers. Also, L Box and U Box test results show that additions of fibers in concrete give negative result on workability of SCC. But all results are within limit of EFNARC.
Mechanical properties
After conducting test for fresh properties, concrete was cast in cube, cylinder and beam Table 6 .
Addition of 32 kg/m 3 hooked end steel fibers in SCC enhance compressive strength by 6.30%, on other hand 1.45% increase in compressive strength was observed due to addition of 50 gm per bag of cement glass fibers. Fibers lead to nominal increase in compressive strength but marginal increase in spilt tensile strength and flexural strength of selfcompacting concrete. Splitting tensile strength was increased by 31.36% while flexural strength was increased by 34.47% by addition of steel fibers in SCC. Similarly, 10.30% and 10.04% increase in split tensile strength and flexural strength respectively was observed in case of addition of glass fibers. 
Fracture tests
Fracture test was conducted on closed loop servo-controlled testing machine under CMOD control with the rate of crack opening being 0.0005 mm/s as shown in Figure 3 . The load, CMOD and mid-span vertical displacement acquired during the test is analyzed. Figures 4  and 5 show the load versus mid-span vertical displacement and load versus CMOD curves, respectively for small, medium and large specimens plain specimens. Peak load for plain and fiber reinforced specimens are presented in Table 7 . Results show that Peak load, displacement and CMOD was increased with increased in size of specimen.
It was also observed that in same size of specimens, there was slightly increase in peak load due to addition of fibers in SCC but energy absorption capacity (are under load displacement curve) was increased tremendously. Energy absorption capacity was increased by 198% and 1096% in small specimens, due to addition of glass fibers and steel fibers respectively.
Similarly in medium specimens, energy absorption capacity was increased by 184% and 614% due to addition of glass fibers and steel fibers respectively. Also, in case of large specimens, energy absorption capacity was increased by 104% and 407% due to addition of glass fibers and steel fibers respectively. It can be concluded that addition of fibers in specimens, increase the energy absorption capacity tremendously in all size of specimens. 
Digital image correlation
The digital images taken during the experiments for all the specimens are correlated using an algorithm originally written by Eberl et al. [28] using Matlab and suitably modified to suit our requirements. This software uses normalized cross-correlation algorithm with sub pixel resolution. The sub pixel displacement values are obtained through bilinear interpolation between pixels. The algorithm applies a cross-correlation function on two images before and after displacement and identifies the peak. The displacement is assumed to be at the location of the peak of the cross-correlation function. Figure 9 shows a three dimensional profile of the deformation taking place during different stages of loading. This figure shows the opening of the crack as the test progresses (depicted by the increasing image number) and is used for quantifying the crack opening displacement which is discussed in Section 3.4.3. The results of the vertical displacement at a point close to the notch at the bottom center of the specimen computed by DIC analysis and also measured using an LVDT is shown in Figure 10 . It is seen that there is a very good match between the vertical displacements computed using DIC and those measured experimentally using an LVDT. This indicates the effectiveness of the DIC technique. 
Displacements
Crack length
The method employed for determining crack opening displacement (δx), crack tip location and the distance of crack tip (r) from the digitally processed images is shown in Figure. 11. The crack tip is located at a point where the crack opening displacement (COD) is zero through visual observation. The displacements are computed by considering a square grid (zone of interest) in each of x and y directions from within the central grid region. Since the crack tip is located with a precision equal to the size of the correlation window, the crack lengths are resolved to an accuracy of ± 1.25 mm. The crack lengths are computed for all the images and are plotted as shown in Figure 12 .
This feature of obtaining the crack tip location and determination of crack length makes the DIC technique very attractive as it is very difficult to obtain these parameters through other methods. A technique such as dye penetration [29] for determination of the crack length has been reported in the literature and is difficult in terms of usage in addition to being expensive too. 
Crack mouth opening displacement and crack sliding displacement
The advantage of DIC technique is that we can determine the crack opening displacement at any position along the crack, which is not possible with other experimental sensors such as, a clip gage, unless we mount a number of them along the crack. For validation of the results obtained from DIC, the CMOD computed for all the images using DIC analysis are plotted and compared with those measured experimentally using clip gage, as shown in Figure 13 . It is seen that there is a very close match between the two. However, one drawback of DIC analysis seen is that the measurement of CMOD during the initial loading portion is difficult since the crack does not get initiated as seen from the results of images 1 to 4.While the CMOD gage is fixed at the central position along the thickness of the specimen, the DIC measurements are done on the surface. The crack openings are captured by the CMOD gage which does not get transferred on to the surface during the initiation phase of the crack. This may be the possible reason for the above mentioned drawback of the DIC. The accuracy of crack mouth opening and crack sliding displacements is approximately 0.1 pixels. 
Brittleness number
The brittleness number is characterizing the nature of failure regardless of structure geometry. This brittleness number is defined as
where d is depth of specimen and 0 is an empirical constant. Brittleness number is calculated as per procedure describe in Shah S.G. and Chandra Kishen J.M. [30] . Results of brittleness number is presented in Table 9 .
Plain, glass fiber reinforced and steel fiber reinforced self-compacting concrete follows Bazant's size effect law. Behavior of large specimens is more similar to linear elastic fracture mechanics (LEFM) graph which is for brittle material. It was also observed that all the specimens have the brittleness value between 0.1 and 10 which validate the applicability of the nonlinear fracture parameter. Figure 14 represent that all the data points lie in the transition zone between the LEFM criterion and the strength criterion. As size of specimens decrease, this behavior is similar to strength criterion. SCC with steel fibers (Brittleness number = 2.440) behave much better than that of glass fibers (Brittleness number = 2.689). Both SCC with steel and glass fibers behave better than plain SCC (without fiber) because brittleness number of plain SCC (β = 5.407) is less than that of SCC with fiber.
CONCLUSIONS
The following conclusions are drawn based on the present study.  Addition of fibers in SCC gives negative impact on workability. SCC having steel fibers are les workable as compared to polyester and glass fibers, still all test results lies within EFNARC limit for all workability test.  Fibers lead to nominal increase in compressive strength but marginal increase in split tensile and flexural strength of selfcompacting concrete. Addition of steel fibers, marginal increase in splitting and flexural strength of SCC, compared to polyester and glass fibers.  Peak load, Displacement and CMOD was increased with increase in size of specimen.  For the same size of specimens, there was a slight increase in peak load due to addition of fibers in to SCC but energy absorption capacity (are under load displacement curve) was increased tremendously.  A good agreement is obtained in the vertical displacements and crack mouth opening displacements computed through DIC and those measured using LVDT and clip gage, respectively. 
